The organization and roles of the cytoskeleton are described for a complex developing system (the early Drosophila embryo) at a time when the basic embryonic plan is mapped out. This type of embryo shows a separation of mitosis from cytokinesis during the early stages of development. Most cells are only formed when a syncytium of ~6000 nuclei are present. The functions of the cytoskeleton are considered for the process of nuclear migration (pre-blastoderm), which dis tributes the nuclei throughout the embryo and brings most of them close to the surface. They are also described for the subsequent mitoses of the syncytial blastoderm where the cortex and its welldeveloped cytoskeleton is reorganized into cell-like surface protrusions known as 'caps' or 'buds'. A comparison is made of the very different cytoskeletal organization present during the cleavages that form the two cell types of early development (pole cell and blastoderm cell), together with information from mutations that affect various aspects of these cleavages via factors laid down during oogenesis.
INTRODUCTION
The cytoskeleton of early stage embryos is one of some complexity and of much interest from a developmental viewpoint. For the sub-division of the egg into cells creates the basic embryonic organization that will be subsequently elaborated into an organism. How the egg is divided into cells is a matter of much significance for further development. Therefore the genetic and cytoplasmic control of this process is likely to be elaborate, and must constitute a significant component of the pro gramming of embryogenesis.
The early stage Drosophila embryo is a convenient material for studies of the cytoskeletal organization of embryos. Eggs are readily available and the embryos are fairly easily handled. Micro-injection can be done without difficulty and this enables in vivo studies to be carried out. Most importantly of all, the wealth of mutant forms available permits a genetic dissection of cytoskeletal action and its regulation.
T o follow the workings of the cytoskeleton in the Drosophila embryo it is first necessary to describe briefly the pattern of cleavages and the process of cellularization (cf. Sonnenblick, 1950; Fullilove & Jacobson, 1978 , for further details). The first nine cleavages are internal and occur without cytokinesis. Thus the embryo forms as a syncytium. During nuclear cycle 9 the first nuclei migrate into the cortical layer at the posterior pole. Cells are not formed but the nuclei are incorporated into specialized cytoplasmic domains known as caps. During the interphase of the next cycle the majority of the nuclei migrate out into the cortical layer and caps also form around them. After this has occurred the embryo is recognized as being in the syncytial blastoderm stage. During the mitosis of cycle 10 the caps at the posterior pole are cleaved to give rise to the pole cells, the precursors of the germ-cell line. The remainder of the embryo remains as a syncytium for three further divisions and then cell membranes extend simultaneously over the whole surface to form a monolayer of cells, the cellular blastoderm.
THE PRE-BLASTODERM EMBRYO
After fertilization the cytoskeleton is a major constituent of two types of domain within the embryo. The first of these is a well-defined cortex beneath the plasma lemma, which forms a zone several micrometres deep. It is characterized by an absence of yolk granules and other large particles. At the poles the cortical layer is somewhat broader than elsewhere (Warn et al. 1979 ). This layer is characterized by the presence of a well-developed cytoskeletal organization with microfilaments, microtubules and intermediate filaments all present. Immunofluorescence studies using rhodamine-phalloidin (Warn et al. 1984) and anti-actin antibodies (Karr & Alberts, 1986) have shown that an actin-rich layer is present in the cortex of pre blastoderm stages. Fig. 1A shows the F-actin organization found in the cortical layer. The surface is thrown up into many small folds, which stain strongly for actin. In the scanning electron microscope the surface plasmalemma is seen thrown into many micro-projections (Turner & Mahowald, 1976) and much of the surface-associated actin staining corresponds to these structures. These projections are also stained with the lectin concanavalin A (ConA) (Warn et al. 1984 ).
At a slightly lower level of focus many small dense aggregates of actin can be seen. These aggregates have an irregular form and vary in size up to several micrometres in diameter. They also occur during the subsequent syncytial and cellular blastoderm stages. The function of these intriguing aggregates is unknown. Actin aggregates are found in the cortex of amphibian oocytes (Franke et al. 1976 ) and early stage mouse embryos (Lehtonen & Badley, 1980) . It seems possible that such aggregates may represent an inactive 'holding' form of actin in the polymerized state. Similar but rather larger aggregates have been found in the nurse cells of the Drosophila egg chamber during a stage of breakdown of the cytoplasmic contents and their transport into the oocyte (Warn et al. 1985a) .
Using a taxol stabilization procedure Karr & Alberts (1986) have described an extensive microtubule network present within the cortex of pre-blastoderm stages. The microtubules in this region appear to be short and extend from many foci, which seem to connect up into a network over the surface. These foci may represent microtubule-organizing centres. The striking arrangement of these microtubules is quite different from that of other cell types, such as mammalian cultured cells, which normally radiate from centrosomes adjacent to the nucleus (see, e.g., Weber & Osborn, 1979) . Centrosome-associated microtubules usually occur in the more central cytoplasm, and although they may turn fairly close to the plasmalemma and follow it over some distance they do not form part of the cortex itself. Thus microtubules might not be expected to be constituents of a cortical layer. There is, however, a precedent for such an arrangement. Oocytes of the starfish Pisaster possess an extensive microtubule network within their cortices (Otto & Schroeder, 1984; Schroeder & Otto, 1984) . T he Pisaster cortical microtubule network is rather different from that of Drosophila in that many long microtubules are present with few obvious foci. Immunofluorescence studies have also demonstrated the existence of F igs 1-10 show embryos stained with rhodam ine-phalloidin for F-actin and D A PI (4'-6,-diamidino-2-phenylindole) for nuclei according to Warn et al. (19856) . F ig. 1. A. Cycle 9 embryo cortical layer. T h e field of focus progresses into the embryo from top right to bottom left. Arrow, staining at bases of m icroprojections; arrow head, sm all aggregates. X400 (same magnification, F igs 1-6 , 9). B ,C . shortening that starts soon after fertilization and leads to fluid-filled pockets forming at both the anterior and posterior poles (Imaizumi, 1954) . This process ceases shortly before the syncytial blastoderm stage is initiated and the embryo lengthens again, to return to its previous volume. Using indirect immunofluorescence myosin has been seen to be present in the cortical layer (Warn et al. 1979) . The hypothesis is therefore proposed that the cortical actin network is under tension, causing the cortex to contract and hence the embryo to shorten. The network then gradually relaxes and the embryo lengthens. Another possible function is that cytoskeletal components laid down in the cortex are used during the subsequent blastoderm stages when the cytoskeleton is very active. A further likely function is that a variety of organelles, such as polar granules, and macromolecules including RNA, are localized by binding to the cytoskeleton in specific areas. The cytoskeleton is also well-developed around the nuclei in the interior of the embryo during the pre-blastoderm stage. Each nucleus has a well-developed array of microtubules that form into spindles during successive mitoses (Karr & Alberts, 1986; Warn, unpublished results) . Connections between the microtubules of the internal nuclei, which are organized from centrosomes, and those of the cortex have not been reported for Drosophila. However, temporary associations between the aster microtubules of the internal nuclei and the preiplasm have been noted in the dipteran Wachtliella (Wolf, 1978) . Each nucleus is surrounded by a clear area known as a nuclear island, which is devoid of yolk granules, like the cortex. All the islands are interconnected by strands of cytoplasm. We have found that the nuclear islands stain strongly with rhodamine-phalloidin, evidence for a high local concentration of F-actin. This is shown for a stage 9 embryo in Fig. IB .
The manner in which the nuclei migrate towards the surface is a matter of some interest, and suggests that factors providing directionality are associated with these internal cleavages. The first cleavage can apparently occur at any angle with respect to the egg axis (Parks, 1936) . Zalokar & Erk (1976) noted that the second cleavage occurs roughly at right angles to the first. Subsequent cleavages do not show a very precisely defined pattern, but result in the nuclei moving outwards whilst occupying a roughly spherical area. After the fourth cleavage the organization of the nuclei changes towards an ellipsoid following the shape of the egg. This movement of the nuclei toward the surface is dependent upon cytoskeletal action. Application of colchicine has been found to block movement, leaving the nuclei in metaphase. With time they then become scattered within the embryo (Zalokar & Erk, 1976) . Cytochalasin B has no effect on lateral nuclear migration but movement towards the poles is stopped. As a result partial blastoderms form, with only the central region of periplasm occupied by nuclei (Zalokar & Erk, 1976) .
In Wachtliella the nuclei are moved as a result of forces generated by microtubules extending from the nuclear islands to the embryo cortex (Wolf, 1978) . In addition nuclei are also shifted passively by cytoplasmic flow. Such cytoplasmic flows also occur in Drosophila embryos (Kinsey, 1967; Foe & Alberts, 1983) .
THE SYNCYTIAL BLASTODERM By cycle 9 most of the nuclei are within lOjUm of the embryo surface. During this cycle the first nuclei migrate into the cortex at the posterior pole (cf. below, under POLE CELL form ation). After the next cleavage the majority of the nuclei migrate into the cortical layer. As this occurs there is a striking rearrangement of the cortex, which bulges out to form a protuberance above each nucleus (Ede & Counce, 1956; Bownes, 1975; Turner & Mahowald, 1976; Warn & Magrath, 1982; Foe & Alberts, 1983) . We have termed this structure a 'cap' to emphasize the distrubution of the cytoskeleton above and around the nuclei. The caps at the posterior pole are referred to as polar caps whilst those found elsewhere on the blastoderm surface are known as somatic caps. Others have called these structures 'buds'. Cap formation is marked by a dramatic reorganization of the cytoskeleton in this region. The plasmalemma of the forming caps is thrown into many folds and the cortex underlying these micro projections becomes more brightly stained by rhodamine-phalloidin ( Fig. 2A; and Warn et al. 1984) or by anti-actin antibody staining (Karr & Alberts, 1986) . The cytoplasm within the caps also stains quite brightly for F-actin (Fig. 2B ). It may well be that this is because the actin-rich cytoplasm that surrounds the preblastoderm nuclei is incorporated into the forming caps. Around the edges of the caps and in regions between them small F-actin aggregates occur.
Studies on living embryos have demonstrated that a bilobed organization appears not long after, and sometimes with, the appearance of the caps during interphase of cycle 10 (Warn & Magrath, 1982) . The plane of separation of the two halves indicates the subsequent plane of cap cleavage. Newly formed caps with a bilobed appearance are also found in fixed material (see Fig. 7 ). This early appearance of the site of future cleavage suggests a possible adaptation for the very rapid cleavage rates that occur during syncytial blastoderm. It may be that the caps create a pre-pattern that enables the subsequent rapid division to occur.
The pattern of cleavage of the caps shows some unusual features (Warn et al. 1984) . After the caps have formed they then enlarge further and flatten, taking in increasing amounts of surface plasmalemma and associated cortical cytoplasm. By the time the cap nuclei are in metaphase a central region depleted in F-actin is obvious within the interior of the caps. These regions underlie parts of the central cortex that are rather less folded (Fig. 3A-C) . During this stage the caps are quite flattened and bilobed in appearance. T he caps cleave in two during the later stages of mitosis (F igs 4A-C, 5A -C, 8) . Progressively later phases demonstrate that actin disappears between daughter caps whilst they separate and round up again. Fig. 8 shows a low-power photograph with caps in various stages of cleavage. Early in this process brightly fluorescent folds mark the boundaries in the central region (arrow in Fig. 8 ). At later stages there is a wider region marked by reduced F-actin staining between the forming daughter caps (arrowheads in Fig. 8; Fig. 4 A -C ). T he caps then round up as they begin to protrude again (Fig. S A -C ) . Fig. 5A ,B also illustrate the small dense aggregates and actin threads that are present around the cap edges during the final phases of cap separation. At the end of the cycle fully reformed caps bulge out again (Fig. 6 A -C ) . They have an irregularly folded sub-plasmalemma layer of staining with an interior cap cytoplasm that is also quite positively stained.
T h e caps cleave across the long axis of the area taken in during the expansion phase. T h is cleavage is not a furrowing into the embryo but rather a swelling out of the daughter caps from the ends of the parent caps coupled with a rupture of the original cap organization (Warn & Magrath, 1982; Foe & Alberts, 1983; Warn et al. 1984) . T h e cycle of surface changes during the last cycle of syncytial blastoderm has also been clearly documented, using the scanning electron microscope, in the related dipteran Calliphora and shows a very similar pattern of changes (Lundquist & Lowkvist, 1984) . T h e mechanism of cleavage is not well understood at present but the current evidence suggests that a contractile half-ring of F-actin filaments cutting the caps in two is unlikely to be the major agent of cleavage. F-actin is lost from the region of splitting at the time when the cap interiors show conspicuously bright fluorescence. T h u s there may well be a migration of actin into the re-forming caps, perhaps as a result of contraction. T h is contraction coupled with insertion of membrane in regions between the new caps could comprise the major forces of the splitting process.
Stafstrom & Staehelin (1984) have described 'pseudo-cleavage furrows' between the caps during mitosis. These are in fact areas where caps abut as a result of their expansion. Where this occurs an apparent furrow is visible. With fluorescence optics lines of brighter staining occur wherever the sides of two caps come close enough together for the images to be summated. Regions of optical overlap can be found in cycle 10 embryos and become increasingly common in later syncytial stages where more caps occur closer together. Caps are therefore found with one edge brighter than the other, as can be seen in Fig. 9 (and see also K arr & Alberts, 1986) . Furtherm ore, we have found no evidence of a contractile ring network like that of the cellular blastoderm during metaphase or anaphase, which would act to pull the membranes down. D uring telophase, prior to daughter cap formation, the caps are at their flattest and thus little membrane folding or overlap occurs giving the effect that the furrows disappear. Using the method of micro-injection of T M R IT C -b o v in e serum albumin (B SA ) into the perivitelline space (Warn & Magrath, 1982) , we have failed to find any evidence of pseudo-cleavage furrows, nor has Foe, using Normarski optics (Foe & Alberts, 1983, and personal communication) . If floor deepening does occur between caps in the later syncytial cycles during mitosis, the effect must be small.
M icrotubule distribution has also been examined in detail during syncytial blasto derm by both indirect immunofluorescence and electron microscopy. Antibody staining methods have been based on modifications of the procedure of Mitchison & Sedat (1983) . Warn & Warn (1986) used methanol as the primary fixative. T h is resulted in good fixation of spindle fibres but interphase microtubules were in general integrated cytoskeletal organization and pattern of activity. Intermediate filaments are also present within the caps (Walter & Alberts, 1984) .
D uring prophase the centrosomes migrate to the poles and initiate spindle formation. Whilst these processes are occurring the interphase microtubule array is lost, leaving much shorter astral fibres. Stafstrom & Staehelin (1984) have shown, using electron microscopy, that the spindle is of the closed type with microtubules growing in through the fenestrated ends of the nuclear envelope. Anaphase is marked by an elongation of the spindle and a gradual lengthening of the aster microtubules. D uring telophase a prominent stembody or midbody appears between the re-forming nuclei. As it forms, the microtubule connections to the spindle poles appear to be rapidly reduced, whilst the area between the nuclei remains strongly stained by antibodies. T he midbody is very obvious in methanol-fixed embryos where it may represent a more stable microtubule population. It can be observed in taxolformaldehyde-fixed embryos (F igs 12, 13) and also in living embryos micro-injected with a rhodamine-labelled anti-tubulin antibody (Warn et al. unpublished results).
T he midbody microtubules appear to terminate against the re-forming nuclei. Some not so well preserved. Large interphase centrosomes were seen with this procedure. K arr & Alberts (1986) used formaldehyde as the primary fixative and used a low concentration of taxol to stabilize the microtubules prior to fixation. With this fixation protocol interphase caps appear as richly endowed with microtubules. They surround the nuclei and penetrate some way into the underlying cytoplasm. However, centrosomes were not at all evident, due to the profusion of microtubules.
T he changes in microtubule organization during the cap cycle, as perceived by combining the two fixation protocols, is given for cycle 10 embryos in Fig. 11 . At interphase the centrosomes are already divided; a most unusual observation, for in most cells separation of the centrosomes occurs at prophase (Weber & Osborn, 1979) . T he early separation of the centrosomes was previously described for pre blastoderm stages by Huettner (1933) microtubules run around the sides of the re-forming nuclei and attach to the centrosomes (arrowhead, Fig. 13A ). The centre of the midbody appears lacking in microtubules, as judged by anti-tubulin staining. This is likely to be a masking artefact because electron microscopy reveals dense amorphous material coating the microtubules in this region, as occurs in the midbodies of cultured cells (Saxton et al. 1984) . It is curious that the caps have such prominent midbodies, but a reasonable role for them is that they are somehow involved in the process of cap splitting. They appear during splitting and have disappeared by its completion. Whilst the caps go into the interphase of the next cycle the interphase array of microtubules is formed from the continued growth of the astral fibres and the caps are again filled with micro tubules.
How is the process of mitosis triggered over the surface of the blastoderm? Foe & Alberts (1983) have produced evidence for a mitotic wave moving across the blastoderm surface, usually simultaneously from the anterior and posterior poles. The waves move rapidly with a velocity of 50-250 jummin-1. On occasions one end may lag up to 2 min behind the other. In these cases the wave that starts first does not pass further than the centre of the embryo. The mitotic waves are associated with movements of the inner yolk mass and the cortical cytoplasm, with the periplasm seeming to change its consistency as the wave front moves across. In the dipteran Wachtliella broadly similar changes accompanying mitosis have been reported, with spindles not entering anaphase until a wave of saltation passes around the nuclei (Wolf, 1985) . The nature of the signal is unknown, although it has been suggested that they are triggered by a transient rise in the free Ca2+ level, which is subsequently sequestered again. Colchicine inhibits both nuclear division and the saltation wave in Wachtliella. Thus the target of the waves would seem to be microtubules.
The caps undergo four cleavages during the syncytial blastoderm stage. Each successive cycle is somewhat slower than its predecessor, ranging from 8 min for cycle 10 caps to 17|min for cycle 13 caps (Warn & Magrath, 1982) . After each cleavage more of the surface is incorporated into the caps, which become pro gressively smaller. Successive cleavages have a tendency to divide roughly at right angles to the previous one and this corresponds to the pattern of centrosome migration. Sometimes the divisions are strikingly regular, as can be seen with the group of caps marked 8 in Fig. 14 . However, caps can cleave at any angle with respect to the previous cleavage, as can also be seen in Fig. 14, e. g. cap 13. The caps follow Hertwig's Law and divide across the long axis of the area taken in after their expansion. Often it does not precisely correspond to the predicted angle of cleavage at right angles to the previous one. This finding implies that centrosome position may be altered, perhaps by forces involved in cap expansion or by the cytoplasmic streaming movements that accompany mitosis (Kinsey, 1967; Foe & Alberts, 1983) . Rarely, caps divide into three portions instead of two halves and these may divide again, e.g. the lower cap 5 in cycle 11 of Fig. 14 . In fixed material groups of very small caps lacking nuclei are sometimes found and these may correspond to such aberrant cleavages.
POLE CELL FORMATION
T he caps of the posterior pole have a different history from those of the rest of the embryo (Huettner, 1923; Rabinowitz, 1941; Foe & Alberts, 1983; Warn et al. 19856) . D uring cycle 9, five to ten nuclei migrate into the posterior-pole plasm. Som e regional mechanism presumably operates so that nuclei only migrate into the cortex in this region. T he polar caps protrude somewhat more than the somatic caps, which bulge out during nuclear cycle 10. Prior to polar cap protrusion large club shaped microvilli are present at the surface in this region only. As the polar caps form, these microvilli disappear except between the caps (Warn, 1979; Swanson & Poodry, 1980) . Quite possibly the membrane present in these large microprojections is incorporated into the polar caps.
T he process of polar cap formation and their first cleavage during cycle 9 is quite sim ilar to that already described for the somatic caps (Warn et al. 19856) . T he pattern of changes that occur during cycles 9 ,1 0 and 11 is shown diagrammatically in Fig. 15 . D uring cycle 10 the process of the polar caps bulging out and the surfaces then flattening down is as before. However, the caps do not flatten as much as before.
At the end of mitosis a hoop of bright F-actin staining encircles the central region of each cap when plasmalemma begins to be drawn down between the daughter nuclei. T he microfilament arrangement is strikingly different to that during the previous cleavage. As the pole cells form, the plasmalemma and associated actin layer move down towards the cell bases. T he actin associated with the advancing plasmalemma is proposed to act as a contractile half-ring, which shortens as it contracts. T he cortical F-actin at the bases of the forming pole cells is quite bright during this first cleavage process. When the plasmalemma reaches the cell bases, pairs of dark circles representing interior cytoplasm are visible, surrounded by bright fluorescence due to Cleavage 10 11 12
F ig. 14. T h e pattern of division for cleavages 10, 11, 12 in an area of embryo prepared and drawn out according to Warn & Magrath (1982) .
surrounding cortical actin. The dark circles rapidly become smaller and disappear as the cells are pinched off from the underlying embryo cortex. This is postulated to occur by the operation of contractile rings located at the junctions between the pole cell bases and the embryo cortex; 20-30 pole cells are cleaved off as a result. This final phase of cleavage is the only one reported so far where microfilaments have been identified during pole cell formation by transmission electron microscopy (TEM ) (Swanson & Poodry, 1980) . However, Drosophila embryos are known to be difficult material for such electron-microscope (EM) studies (Rickoll, 1976) . The changing pattern of microtubule distribution during the two mitoses of the polar caps and subsequent pole cell formation has also been described. It appears very similar to that found for the somatic caps (Warn, 1986) .
BLASTODERM CELL FORMATION
During cycle 14 all the somatic caps are simultaneously converted into cells at the cellular blastoderm stage. Cellularization is marked by a very active involvement of microfilaments (Fullilove & Jacobson, 1971; Rickoll, 1976; Warn & Magrath, 1983) . At the beginning of this process each cap becomes surrounded by a roughly hexagonal ring of F-actin microfilaments. These microfilaments are associated with the tips of the inward moving cell membranes, the furrow canals. The micro filaments are interlinked over the surface to form a network. A low-power view of the network is given in Fig. 10A and a high-power view in Fig. 10B . At high power the network shows a rather uniform F-actin distribution. This embryo was prepared after fixation with PHEM buffer and 8% paraformaldehyde (Schliwa & van Blerkom, 1981) . Using PHEM buffer there is less clumping of filaments and rupture of the networks compared with fixation using PBS as the buffer (Warn & Magrath, 1983) and thus better cellular blastoderm preparations can be obtained.
The process of cellularization occurs in two phases. The surfaces of the caps are thrown into many microprojections during phase I and are stained brightly for Factin (Warn & Magrath, 1983) . Because the microprojections increase in number during this phase it seems likely that they do not contribute significantly to the membrane extended during this time, and the actin presumably has a role in maintaining the structure of the microprojections. Once the canal furrows have reached to the bases of the nuclei, the rate of membrane growth doubles and the last lOjitm of the cell sides are formed. At the same time the micro-projections rapidly disappear, suggesting that they are pulled down to form the new membrane. Simultaneously the actin associated with the micro-projections disappears.
What is the evidence that the ring network is a causal agent in membrane extension? First, as the membranes elongate into the embryo the gaps in the network gradually narrow (Warn & Magrath, 1983) . This implies that the network shortens as it moves. Cytochalasin B suppresses plasmalemma extension, which strongly suggests that the network provides the force for extension (Zalokar & Erk, 1976; Foe & Alberts, 1983) . Furthermore, myosin has been identified by immunofluorescence microscopy to be present in the rings (Warn et al. 1980) , demonstrating a similar Warn et al. (1985) .) molecular organization as occurs in the cleavage furrows of cultured cells (Fujiwara & Pollard, 1976) . T he cell membranes move inwards to a depth of approximately 40 fjcm. Movement stops abruptly and the contractile network is replaced by small individual rings of F-actin microfilaments present in the remaining connections between the blastoderm cells and the yolk sac. D uring blastoderm cellularization there is a change in the major axis of growth of both the nuclei and the microtubules (Fullilove & Jacobson, 1971; Warn & Warn, 1986) . T he nuclei elongate at right angles to the embryo surface, becoming oval. At approximately the same time microtubules grow down from pairs of centrosomes located immediately above the apical surfaces of the nuclei. They extend beside the nuclei, forming basket-like structures around them. These microtubules do not seem to run much beyond the distal ends of the nuclei. The micro tubule 'baskets' appear to have several functions. If embryos are treated with colchicine early in cycle 14 the nuclei fail to elongate. They also lose their position at the surface and form irregular layers several nuclei deep (Zalokar & Erk, 1976) . In addition, the vigorous saltation that accompanies cellularization is lost (Foe & Alberts, 1983) . Microtubules there fore seem to act to hold the nuclei in place whilst cells form and also to influence nuclear elongation. T he saltation effect also suggests that the microtubules translocate stores of materials required during cellularization.
MATERNAL EFFECTS AND THE CYTOSKELETON
Much information that influences subsequent development is stored in the egg cytoplasm. Some of these maternal 'determinants' act on the cytoskeleton, influ encing patterns of cleavage in various types of embryos hours or days after their deposition within the egg. Pole cell formation has provided a particularly clear example where microfilament organization and action are influenced by a particular region of egg cytoplasm. There is a great deal of evidence that pole cells only form from pole plasm, as demonstrated by its micro-injection into other regions of the embryo, which causes ectopic pole cells to cleave (Illmensee & Mahowald, 1974; Niki, 1984) . The determinants affect both the time of microfilament action and the kind of structures formed. What structural or regulatory differences may exist between different regions of the egg is a major question.
A variety of maternal-effect grandchildless mutants are known that affect pole cell formation. Most of these are pleiotropic in effect and only one found to date specifically affects pole cell formation (Niki & Okada, 1981 ). It appears that pole cells will only form during a certain time interval. If nuclear migration is held back experimentally and then nuclei allowed to move into the posterior pole, no pole cells form (Okada, 1982) . If the posterior tips of pre-blastoderm cells are irradiated with ultraviolet (u.v.) light, no pole cells form unless unirradiated pole plasm is injected into this region (Okada et al. 1974; Warn, 1975; Ueda & Okada, 1982) . After u.v. irradiation blastoderm cells form in this region and the pole plasm is incorporated into them. Thus some kind of regulatory switch with respect to the kind of cell cleaved off can be induced in the activity of the cytoskeleton in this region.
The egg cytoplasm also contains information for the regulation of blastoderm cell formation. Rice & Garen (1975) have isolated several maternal-effect mutants that affect this process. mat(3)l forms pole cells but not blastoderm cells. Two other mutants, mat(3)3 and mat(3)6, form cells only in specific regions of the embryo, suggesting that some kind of positional information may regulate the contractile ring network, either directly or indirectly.
CYTOPLASMIC DOMAINS
The nuclear islands and the caps are good examples of cytoplasmic domains within the syncytial embryo, each with its own cycle of activity and yet also interacting with other domains. Each domain is organized around a nucleus and the cytoskeleton associated with it. In other egg types cytoplasmic domains occur but they are usually not directly associated with a nucleus, e.g. the yellow crescent in the Ascidian egg (Jeffery & Meier, 1983) .
The inter-relationships of the different components of the cytoskeleton within the domains is a matter of some interest. The arrival of the nuclear islands at the periphery induces cap formation with striking rearrangements of the F-actin microfilaments, microtubules and intermediate filaments close to the surface. Karr & Alberts (1986) suggest that the microtubules of the islands may have a major role in inducing cap formation. The bilobed cap organization, which is often detectable during cap formation, is certainly consistent with a role for the pair of centrosomes and their associated microtubules in cap generation. During division the spindle poles mark regions where bright staining of F-actin occurs and also of rhodamineConA (Warn et al. 1984; Karr & Alberts, 1986) . In contrast, the central regions stain comparatively weakly for actin and correspond to the spindle interzones. Also the distribution of the interphase microtubule arrays after mitosis corresponds well with the cortical F-actin layers of the new caps. However, such similar distribution of the two networks throughout the cap cycles is only indirect evidence that one cytoskeletal component (the microtubules) may influence or drive the changing distribution of the other (the microfilaments).
For a variety of cell types there is good evidence that the formation of the cleavage furrow is dependent upon the spindle (see Rappaport, 1973; Schroeder, 1975) . The mechanism of how this occurs is not understood but the astral microtubules are the most likely candidates for initiating formation of a contractile ring of microfilaments within the cleavage furrow (White, 1985) . A similar situation may well hold in the Drosophila embryo for the appearance of the contractile ring network. At the beginning of cellular blastoderm formation each cap becomes surrounded around its edges by the F-actin network. In these regions microtubules from adjacent caps abut and it may well be that the stimulation for contractile microfilaments to form emanates from these microtubules in analogous fashion to that occurring in mam mals. Evidence in favour of such a hypothesis has been found by Foe & Alberts (1983) . Micro-injection of colchicine into embryos just before the start of cellularization prevents it occurring. However, colchicine does not have this affect once plasmalemma extension has begun. F r a n k e , W . W ., R a t h k e , P. C., S e ib , E., T r e n d e l e n b e r g , M. 
